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METHOD AND SYSTEM FOR CHANNEL
EQUALIZATION AND CROSSTALK
ESTIMATION IN A MULTICARRIER DATA
TRANSMISSION SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s related to: (1) U.S. patent application
Ser. No. 10/865,256, filed Jun. 9, 2004, entitled “TRAINING

SEQUENCE FOR SYMBOL BOUNDARY DETECTION
IN A MULTICARRIER DATA TRANSMISSION SYS-
TEM.,” and incorporated herein by reterence; (1) U.S. patent
application Ser. No. 10/866,327, filed Jun. 9, 2004, entitled
“METHOD AND SYSTEM FOR DETERMINING SYM-
BOL BOUNDARY TIMING IN A MULTICARRIER DATA
TRANSMISSION SYSTEM,” and incorporated herein by
reference; (111) U.S. patent application Ser. No. 10/8635,133,
filed Jun. 9, 2004, entitled “TRAINING SEQUENCE FOR
CHANNEL ESTIMATION IN A DATA TRANSMISSION
SYSTEM,” and incorporated herein by reference; and (1v)
U.S. patent application Ser. No. 10/865,093, filed Jun. 9,
2004, entitled “METHOD AND SYSTEM FOR CHANNEL
ESTIMATION IN A DATA TRANSMISSION SYSTEM,”

and incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to data transmission systems
and, more particularly, to multicarrier data transmission sys-
tems.

2. Description of the Related Art

A conventional voice-band modem can connect computer
users end-to-end through the Public Switched Telephone Net-
work (PSTN). However, the transmission throughput of a
voice-band modem 1s limited to below 40 Kbps due to the 3.5
KHz bandwidth enforced by bandpass filters and codes at the
PSTN interface points. On the other hand, the twisted-pair
telephone subscriber loop of a computer user has a much
wider usable bandwidth. Transmission systems based on
local subscriber loops are generally called Digital Subscriber
Lines (DSL).

One DSL technique for high-speed data communications 1s
Asymmetrical Digital Subscriber Line (ADSL) signaling for
the telephone loop which has been defined by standards as a
communication system specification that provides a low-rate
data stream from a residence to a telephone company’s cen-
tral oflice (upstream), and a high-rate data stream from the
central office to the residence (downstream). The ADSL stan-
dard provides for operation without affecting conventional
voice telephone communications, e.g., Plain Old Telephone
Service (POTS). The ADSL upstream channel only provides
simple control functions or low-rate data transfers. The high-
rate downstream channel provides a much higher throughput.
This asymmetrical information flow 1s desirable for applica-
tions such as video-on-demand (VOD).

An ADSL modem operates 1n a frequency range that 1s
higher than the voice-band; this permits higher data rates.
However, the twisted-pair subscriber line has distortion and
losses which increase with frequency and line length. Thus,
the maximum ADSL data rate 1s determined by the length of
subscriber lines. The ADSL standard uses Discrete Multi-
Tone (DMT) modulation with the DMT spectrum divided
into two-hundred fifty-six 4.3125 kHz carrier bands and a
Quadrature Amplitude Modulation (QAM) type of constella-
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2

tion 1s used to load a variable number of bits onto each carrier
band independently of the other carrier bands.

Besides ADSL and its families (ADSL2, ADSL2+, all
based on DMT modulations), another set of DSL technique
for high-speed data communications over twisted-pair phone
lines 1s known as Very High Speed Digital Subscriber Lines
(VDSL) and VDSL2. VDSL and VDSL2 are intended to
facilitate transmission rates greater than that offered by the
ADSL families. The transmission schemes used with VDSL
can be Discrete Multi-Tone (DMT) modulation or QAM
modulation, whereas for VDSL2, its once again DMT modu-
lation.

Digital communication systems transmit data from a trans-
mitter over a channel to a receiver. In order to support reliable,
high performance operation, digital communication systems
often need to estimate the impulse response of the channel.
The channel represents a communication medium from the
transmitter to a far-end recerver or from the transmitter to a
near-end receiver. The digital communication system can
utilize the estimated channel impulse response for far-end or
near-end noise cancellation schemes and far-end channel
equalization.

Prior approaches to estimating a channel impulse response
have been implemented in either the time domain or the
frequency domain. In the case of time-domain channel esti-
mation techniques, the estimated channel 1s convolved with
the transmitted signal 1n an adaptive manner. However, such
a solution produces only a single error signal that 1s used to
update all taps of a fimite impulse response filter that provides
the estimated channel. This approach 1s complex and slow to
converge.

Frequency-domain channel i1dentification approaches are
more common. One approach requires transforming time-
domain signals to Ifrequency-domain tones, traiming Ire-
quency-domain taps for a FIR filter that provides the esti-
mated channel, and then finally converting the frequency-
domain taps back to the time-domain channel estimate. This
approach allows each tap to be independently trained and
adapted 1n the frequency domain. However, the disadvan-
tages of this frequency-domain approach are that additional
hardware for fast Fourier transforms and inverse fast Fourier
transforms are required on the receiver side, and that the
training signals utilized must span the entire frequency band-
width. Unfortunately, in some implementations of digital
communication systems, there are restrictions on usage of
certain frequencies for the purpose of training and thus the
entire frequency bandwidth 1s sometimes not permitted to be
used.

Another approach to estimating the channel response in the
frequency domain can utilize a frequency-domain adaptive
comb filter. In K. Van Acker, M. Moonen, T. Pollet, “Per-Tone
Echo Cancellation for DMT-based system,” IEEE Transac-
tions on Communications, Vol. 51, No. 9 (September 2003),
a per tone echo cancellation structure enables the transforma-
tion of time-domain taps to the frequency-domain adaptive
comb filter taps. See also Katleen Van Acker et al., “Per Tone
Equalization for DMT-Based Systems,” IEEE Transactlons
on Communications, Vol. 49, No. 1 (January 2001). The
frequency-domain adaptwe COIIlb filter taps can be directly
trained to estimate the desired taps. The update ol the adaptive
comb {ilter taps for each of the frequency tones 1s based on an
error signal.

FIG. 1 1s a block diagram of a conventional per-tone chan-
nel equalizer 100. Although use of a time domain equalizer
(TEQ) 1s common, 1n this embodiment, the channel equaliza-
tion 1s performed in the frequency domain. The per-tone
channel equalizer 100 includes a fast Fourier transtorm (FFT)
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102, a scaler 104, a delay circuit 106, a subtractor 108, an
adaptive comb filter 110, an adder 112, and a coefficient
updating algorithm 114. Received signals, v , are passed
through the FFT 102 and supphed to the delay circuit 106.

The subtractor 108 forms diflerence signals from the recerved
signals and the delayed recerved signals. The difference sig-
nals from the subtractor 108 are fed to the adaptive comb filter
110. The coetlicient updating algorithm 114 updates coelli-
cients for taps of the adaptive comb filter 110 1n accordance
with a decision error signal. The output of the FFT 102 1s
adaptively scaled by the scaler 104 which 1s controlled by the
coellicient updating algorithm 114. The adder 112 adds the
scaled signals with the output ol the adaptive comb filter 110.

The output of the adder 112 1s the equalizer output, 7, and 1s
calculated as

Z=Y v +ACKF(i) Equation 1
where ACF (i) is the adaptive comb filter output for the i” bin

and 1s given by

T-1 Equation 2
ACF(i) = Z A, v, (i)
=1

where T 1s the number of taps, and the difference signals are
given by the following equation.

A=V ~Vars Equation 3

In adapting the coelficients, a sequence of known training
symbols 1s transmitted to a recerver and a Least Mean Square
(LMS) based algorithm 1s applied to train up the coellicients.
The detected error signal, e (1), 1s computed as

e ()=5,()-2,

Equation 4

where S (1) 1s the known transmitted training symbol.
The update of the tap coellicient v,(1) and the coetlicients
tor the adaptive comb filter taps can be performed as

Vol )(k+1)=vo (D) (k)+u, e (i) Y. * (k) Equation 5
VA R+1)=v, @) (K)+1, A e i)
fort=1,...,(7-1) Equation 6

where v,(1)(k) is the t” coefficient for the adaptive comb filter
taps applied to the i’ received tone signal; A, is the difference
signal; u_ 1s the adaptation constant; € (1) 1s the error signal for
the i”” tone, computed by Equation 4; finally, k represents the
symbol index.

For a multicarrier system with multiple-inputs and mul-
tiple outputs, techniques for 1dentitying cross channel coet-
ficients due to far-end crosstalk (FEXT) are described, for
example, 1n Starr, Sobara, Cioifi & Silverman, “DSL
Advances,” Pearson Education, Inc., 2003. FIG. 2 1s a block
diagram of a FEXT cancellation system 200. The FEXT
cancellation system 200 includes a FEX'T channel estimator
202 that examines a received training sequence to adaptively
estimate FEX'T channel coelficients. Following training, the
FEXT channel coeltlicients are supphed to a FEXT canceller
204 that cancels FEXT from incoming signals in accordance
with the estimated FEXT channel coefficients.

Moreover, near-end crosstalk (INEXT) cancellation can
also be conventionally provided. FIG. 3 1s a block diagram of
a NEXT cancellation system 300. The NEXT cancellation
system 300 includes an NEX'T channel estimator 302 and a
subtractor 304. The NEXT channel estimator 302 adaptively
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4

estimates a NEXT channel. The subtractor 304 then subtracts
the estimated NEX'T noise from incoming signals. The NEX'T
cancellation process 1s summarized as

| Equation 7
Engxr(m, i) = Y/" = ) G'om, n)- Xpe(n, 1
n=1
n+m
where E - -Am,1) is the estimated near-end crosstalk estima-

tion error for the m™ user at the i tone, if the far- end ehannel
1s silence; Y,” 1s the recerved signal fer the m” user at the i
tone; G'(m,n) is the near-end crosstalk coefficient that couples
the n” channel to the m” user channel at the i” tone; X, _(n,i)
1s the reference near-end transmitted signal of the n”” channel
at the i tone.

The NEXT coellicients 1s updated as

G (m,n)(t+1)=G (m,n)(O)+a-Enpyr(m,i)X* _(1,i) Equation &
where a 1s a small positive adaptation constant of value less
than 1.

Conventionally, the training of the equalizer and the train-
ing of the FEX'T estimator are perfermed at different times 1n
the training protocol. If the equalizer i1s trained before the
FEXT estimation gets started, the equahzer settings are
obtained with the presence of the FEXT noise. The disadvan-
tage 1n this case 1s that a higher noise level will slow down the
equalizer training and 1ncrease the chance for mis-adjustment
of the adaptive comb filter taps. On the other hand, if the
FEXT estimator 1s trained before the equalizer, the presence
of the inter-carrner interference and the inter-symbol interfer-
ence disadvantageously deteriorates the FEX'T channel esti-
mation.

Thus, there remains a need for improved approaches to
performing channel equalization as well as canceling inter-
ference 1n a digital communication system.

SUMMARY OF THE INVENTION

The mvention pertains to improved techniques for concur-
rent channel equalization and far-end crosstalk channel com-
pensation (e.g., estimation and/or cancellation) in a multicar-
rier data transmission system. The improved techmiques can
produce coellicients for an electronic filter that provide chan-
nel equalization and for an electronic filter that provides
cancellation of the far-end crosstalk. These coelficients can
be 1nitial ly trained and then subsequently updated during data
transmission. Optionally, common coelficient determination
resources can be utilized for both far-end crosstalk and near-
end crosstalk purposes. These improved techniques are par-
ticularly suitable for use with a digital multicarrier commu-
nication system having multiple-input multiple-output
systems.

The invention can be implemented 1n numerous ways,
including as a method, system, device, apparatus, or com-
puter readable medium. Several embodiments of the 1nven-
tion are discussed below.

As a multicarrier data transmission system, one embodi-
ment of the invention includes at least: a FFT unit that
receives mmcoming time-domain symbols that have been
transmitted through a communication medium and outputs
incoming frequency-domain symbols; an adaptive channel
equalizer that produces a noise estimate, the noise estimate
pertaining to at least inter-carrier interference and inter-sym-
bol mterference; a subtractor operatively connected to sub-
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tract the noise estimate from the incoming frequency-domain
symbols to produce channel adjusted symbols; a FEXT unit
operatively connected to adaptively determine FEX'T channel
coellicients and to reduce FEXT from the channel adjusted
symbols 1n accordance with the FEX'T channel coetlicients so
as to produce desired symbols; and a symbol detector for
examining the desired symbols to determine detected sym-

bols.

As a multicarrier data transmission system, another
embodiment of the invention includes at least: a FF'T unit that
receives mmcoming time-domain symbols that have been
transmitted through a communication medium and outputs
incoming frequency-domain symbols; an adaptive channel
equalizer that produces a noise estimate, the noise estimate
pertaining to at least inter-carrier interference and 1inter-sym-
bol interference; a subtractor operatively connected to sub-
tract the noise estimate from the incoming frequency-domain
symbols to produce channel adjusted symbols; a FEXT esti-
mator operatively connected to adaptively determine FEX'T
channel coelficients; a descaling unit operatively connected
to scale the channel adjusted symbols to produce desired
symbols; and a symbol detector for examining the desired
symbols to determine detected symbols. The FEX'T channel
coellicients are used to produce scaling data, and the descal-
ing unit operates to scale the channel adjusted symbols 1n
accordance with the scaling data.

As a method for operating a multicarrier data transmission
system having a training mode and a data transier mode,
where the multicarrier data transmission system includes a
far-end crosstalk unit and a channel equalizer, one embodi-
ment of the invention includes at least the acts of: placing the
multicarrier data transmission system 1in the traiming mode;
receiving training symbols that have been transmitted over a
transmission sequence; and processing the recerved training,
symbols to concurrently train the far-end crosstalk unit and
the channel equalizer.

Other aspects and advantages of the invention will become
apparent from the following detailed description taken 1n
conjunction with the accompanying drawings which 1llus-
trate, by way of example, the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The mvention will be readily understood by the following
detailed description 1n conjunction with the accompanying
drawings, wherein like reference numerals designate like
structural elements, and 1n which:

FIG. 1 1s a block diagram of a conventional per-tone chan-
nel equalizer.

FIG. 2 1s a block diagram of a FEX'T cancellation system.

FIG. 3 1s a block diagram of a NEXT cancellation system.

FIG. 4 15 a block diagram of a multicarrier data transmis-
s10n system according to one embodiment of the invention.

FIG. 5A 1s a block diagram of a multicarrier data transmis-
s10n system according to one embodiment of the invention.

FIG. 5B 1s a block diagram of a multicarrier data transmis-
s1on system according to another embodiment of the inven-
tion.

FIG. 5C 1s a block diagram of a multicarrier data transmis-
s1on system according to another embodiment of the inven-
tion.

FI1G. 5D 1sablock diagram of a FEXT estimator and NEX'T
canceller according to one embodiment of the invention.

FI1G. 6 1s a tlow diagram of an adaptive channel monitoring,
process according to one embodiment of the invention.
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6

FIGS. 7A and 7B are block diagrams of a multicarrier data
transmission system according to another embodiment of the
invention.

DETAILED DESCRIPTION OF THE INVENTION

The 1invention pertains to improved techniques for concur-
rent channel equalization and far-end crosstalk channel com-
pensation (e.g., estimation and/or cancellation) in a multicar-
rier data transmission system. The improved techmques can
produce coellicients for an electronic filter that provide chan-
nel equalization and for an electronic filter that provides
cancellation of the far-end crosstalk. These coellicients can
be mitially trained and then subsequently updated during data
transmission. Optionally, common coefficient determination
resources can be utilized for both far-end crosstalk and near-
end crosstalk purposes. These improved techniques are par-
ticularly suitable for use with a digital multicarrier commu-
nication system having Multiple-Input Multiple-Output
systems (MIMQO).

Embodiments of various aspects of the invention are dis-
cussed below with reference to FIGS. 4-7B. However, those
skilled 1n the art will readily appreciate that the detailed
description given herein with respect to these figures 1s for
explanatory purposes as the invention extends beyond these
limited embodiments.

FIG. 4 15 a block diagram of a multicarrier data transmis-
s1on system 400 according to one embodiment of the inven-
tion. The multicarrier data transmission system 400 receives
incoming time-domain symbols. Typically, the incoming
time-domain symbols correspond to symbols that have been
transmitted from a transmitter through a communication
medium to a receiver. The multicarrier data transmission sys-
tem 400 represents at least part of the recerver. The incoming
time-domain symbols are supplied to a fast Fournier transform
(FTT) 402. The FFT 402 converts the time-domain symbols
into frequency-domain symbols.

An adaptive channel equalizer 404 provides a noise esti-
mate. The noise estimate serves as an estimate of inter-sym-
bol or inter-carrier interference. The noise estimate (part of
channel equalization process) can be provided on a per-tone
basis. In one implementation, the adaptive channel equalizer
404 uses a plurality of coeflicients for taps of a filter 1n
producing the noise estimate. In producing the noise estimate,
the adaptive channel equalizer 404 can evaluate either the
incoming time-domain symbols being received or the fre-
quency-domain symbols output by the FFT 402.

The adaptive channel equalizer 404 supplies the noise esti-
mate to a subtractor 406. Additionally, the frequency-domain
symbols produced by the FFT 402 are supplied to the sub-
tractor 406. The subtractor 406 subtracts the noise estimate
from the mmcoming frequency-domain symbols. As a result,
the subtractor 406 outputs modified frequency-domain sym-
bols. The modified frequency-domain symbols include
desired symbols as well as distortion due to at least far-end
crosstalk. The multicarrier data transmission system 400 fur-
ther includes a far-end crosstalk (FEXT) unit 408. The FEX'T
umt 408 receives the modified frequency-domain symbols
provided by the subtractor 406. The FEXT unit 408 serves to
adaptively cancel out FEXT interference from the modified
frequency domain symbols to output the desired symbols.
The FEXT unit 408 1s able to cancel out the FEX'T interfer-
ence by adaptably updating FEXT channel coelficients such
that the FEX'T interference can be adaptably tracked and
removed from the modified frequency-domain symbols. In
one embodiment, the FEX'T channel coefficients include at
least one of direct channel coefficients and cross channel
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coellicients. The output from the FEX'T unit 408 thus pertains
to the desired symbols. Thereatter, a symbol detector 410 can
evaluate the desired symbols to detect symbols, and then
output detected symbols.

According to one embodiment of the invention, coelli-
cients used in determining the channel estimate and the FEXT
channel coelficients are jointly updated 1n an adaptive man-
ner. By jointly updating the coefficients for the channel esti-
mate and the FEXT channel coellicients, the ability to reduce
interference 1s substantially increased. Additionally, joint
adaptive determination of the coelficients can yield faster
convergence than otherwise possible when the traiming for the
channel estimate (e.g., equalizer taps) and the training for the
channel mterference (e.g., FEXT interference) 1s done sepa-
rately.

FIG. SA 1s a block diagram of a multicarrier data transmis-
s1on system 500 according to one embodiment of the iven-
tion. The multicarrier data transmission system 300 can, for
example, represent a more detailed embodiment of the mul-
ticarrier data transmission system 400 1llustrated 1n FIG. 4.

The multicarrier data transmission system 500 includes a
tast Fourier transform (FFT) 502 thatrecerves incoming time-
domain symbols (e.g., signals). Typically, the incoming time-
domain symbols correspond to symbols (more generally, sig-
nals) that have been transmitted from a transmuitter through a
communication medium to a recerver. The multicarrier data
transmission system 500 represents at least part of the
receiver. The FFT 502 converts the time-domain symbols into
frequency-domain symbols.

An adaptive channel equalizer 504 determines a noise esti-
mate based on the incoming time-domain signals. A subtrac-
tor 506 subtracts the noise estimate provided by the adaptive
channel equalizer 504 from the frequency-domain symbols
provided by the FFT 502. The output of the subtractor 506
contains the equalized symbol which 1s the desired signal
scaled by the channel attenuation plus the interference. One
type of interference that distorts the desired signals 1s far-end
crosstalk (FEX'T) interference.

The multicarrier data transmission system 300 also
includes a selector 508, a subtractor 510 and a FEX'T unit 512.
The selector 508 can be operated under a first control signal
(CS1). The first control signal (CS1) can serve as a mode
selection signal. In one embodiment, the multicarrier data
transmission system 500 has a training mode and a data
transier mode. In the training mode, the selector 508 supplies
the equalized symbols to the subtractor 510. The FEXT unit
512 includes a FEX'T estimator 514 and a FEXT canceller
516. The FEXT estimator 514 estimates FEX'T interference
and supplies coellicients based on such availability to provide
it to the FEX'T canceller 516. The subtractor 510 subtracts the
FEXT estimate from the equalized symbols provided via the
selector 508 to provide a traiming error signal.

The multicarrier data transmission system 300 also
includes a selector 518. The selector 518 receives the training
error signal from the subtractor 510. The selector 518 oper-
ates under the control of a second control signal (CS2). The
second control signal (CS2) can serve as a mode selection
signal. In one embodiment, the second control signal (CS2)1s
the same signal as the first control signal (CS1). In the traiming,
mode, the second control signal (CS2) causes the selector 518
to output the training error signal to an update unit 520. The
update unit 520 serves to perform an adaptive algorithm, such
as a LMS algorithm, to reduce the training error signal. In one
embodiment, the adaptive channel equalizer 504 1s 1mple-
mented by a filter having a plurality of taps, each of which 1s
controlled by a coeftficient, and the FEXT estimator 514 is
implemented by a filter having a plurality of taps, each of
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which 1s controlled by a coefficient. In this regard, the update
device 520 can operate to update coellicients to be used by the
FEXT estimator 514 as well as coetlicients to be used by the
adaptive channel equalizer 504. Here, the update device 520
operates to jointly update the coelficients to be used by the
FEXT estimator 514 as well as coellicients to be used by the
adaptive channel equalizer 504.

In one embodiment, the coelflicients used by the FEXT
estimator 514 include at least one of direct channel coetti-
cients and cross channel coellicients. The multicarrier data
transmission system 300 further includes a symbol detector
522 and a subtractor 524. In the data transfer mode, the
selector 508 supplies the equalized symbols to the FEXT
canceller 516, as opposed to the subtractor 510. The FEXT
canceller 516 receives the appropriate coelficients pertaining
to the FEXT interference from the FEX'T estimator 514. The
FEXT canceller 516 operates to cancel FEXT interference
from the equalized signals 1n accordance with the appropriate
coellicients. Hence, the output of the FEXT canceller 516 are
estimated desired signals. The symbol detector 522 examines
the estimated desired symbol provided by the FEX'T canceller
516, and outputs a detected symbol. The subtractor 524
receives the estimated desired symbol output by the FEXT
canceller 516 and the detected symbol output by the symbol
detector 522. Hence, the subtractor 524 subtracts the esti-
mated desired signal from the FEX'T canceller 516 from the
detected symbol output by the symbol detector 522. The
output from the subtractor 524 1s an error signal that 1s sup-
plied to the selector 518. In the data transter mode, the second
control signal (CS2) causes the selector 518 to provide the
error signal from the subtractor 524 to the update device 520.
As noted previously, the update unit 520 serves to perform an
adaptive algorithm, such as a LMS algorithm, to reduce the
error signal. In this regard, the update device 520 can operate
to update coelficients to be used by the FEXT estimator 514
as well as coelficients to be used by the adaptive channel
equalizer 504. Hence, 1n the data transier mode, the update
device 520 also operates to jointly update the coelficients to
be used by the FEXT estimator 514 as well as coellicients to
be used by the adaptive channel equalizer 504, thereby allow-
ing such coefficients to be jointly (or concurrently) opti-
mized.

During data transmission, different QAM size symbols can
be sent to the recerver. In order to use the same decision device
for multi-si1ze QAM symbols and to account for any rotation
of the channel, a frequency-domain equalizer (FEQ) would
conventionally be used. However, according to one embodi-
ment ol the invention, a multicarrier data transmission system
can use the FEX'T unit to perform the tasks (e.g., channel
equalization or channel attenuation) conventionally assigned
to a frequency-domain equalizer (FEQ). With the FEXT umit
in place, the FEQ coellicients, which are conventionally
handled separately, are absorbed into the rotation and scaling
matrix used by the FEXT canceller. As a result, separate,
additional hardware for frequency-domain equalization 1s not
needed. For example, in the multicarrier data transmission
system 500, the coetlicients for the FEX'T canceller 514 can
be used to provide channel equalization or channel attenua-
tion.

As noted above, the invention 1s particularly well suited for
use 1n a MIMO system. Hence, the following detailed discus-
s10n of the multicarrier data transmission system 300 (1.¢., the
receiver) shown in FIG. SA assumes a MIMO system con-
sisting of L users, and therefore there can be up to (L-1)
user-induced interfering signal sources. For the m™ user, we
denote H'(m,m) being the direct channel coe

| ficient at the
frequency bin 1, and H'(m.]l) being the cross-channel coetli-




US 7,561,627 B2

9

cient due to the I user at the same frequency bin. In the
foregoing discussion, for convenience, 1t 1s assumed that m 1s
the user index under the analysis; 1 1s the frequency bin index

under analysis; 1 1s other user index, 1.e., I=m; k 1s the time
index for the k”” DMT symbol.

The detection error, €,,(m,1), during training, 1s given by

lz‘h

| Equation 9
o (m, i) = Y7 Z Him, [)-X(, i) — ACF”
{=1

where Y, is the received signal for the m” user at the i””
frequency bin; ACF,” 1s the adaptive comb filter output of the
chosen user and frequency; Hi(m 1) 1s the cross-channel coef-
ficient from the 1” to the m™ user signal path at the i” fre-
quency bin; and X(1.1) is the 1” user symbol.

The detection error during training, e, (m,1), 1s obtained by
subtracting the adaptive comb filter output ACF,” and the
FEXT estimator output H'(m,1)-X(1,1) from the received sym-
bol at the FF'T output. With reference to FI1G. SA, the subtrac-
tor 506 operates to subtract the output of the adaptive channel
equalizer 504 (e.g., the adaptive comb filter output ACF ™)
from the received symbol output by the FFT 502, and the
subtractor 510 thereafter further subtracts the output of the
FEXT estimator 514 (i.e., FEXT estimator output H*(m,1)-X
(1,1)) from the output of the subtractor 506.

To update each channel coefficient at the kK symbol period,
an adaptive approach i1s taken. Although the Least Mean
Squares (LMS) approach 1s one suitable adaptive method
(e.g., adaptive algorithm), other adaptive methods, such as
Recursive Least Mean Squares, can be utilized. The LMS
update of the coeflicients 1s as follows:

H (m,n)(k+1)=H (m,n)(k)+p e, (m,i)-X*mn,i)(k)Vn=1, .

N Equation 10

where 1 1s a small positive adaptation constant to maintain
the loop stability.

The recetved signal, Y ™, can be viewed as a sum consisting
of the user symbol scaled by a direct channel gain term, a
channel noise term due to inter-channel interference (ICI) and
inter-symbol 1nterference (ISI), an interference noise term
due to other users, and a total noise term lumped with line
noise and other noise sources such as RFI etc. This 1s
expressed by the following equation.

= X(m, i)- H (m, m) + Noise(ICI, ISI) + Equation 11

L
Z Hiim, D-X(l, i) + Noise(total)

=1
{+m

The error term e, (m.1), as calculated in Equation 9, 1s used
to adapt the direct channel coefficients, cross channel coetii-
cients, and the adaptive comb filter taps based on Equation 10
and Equation 6. To speed up the identification process, a
training scheme where transmission of data from each user 1s
synchronized and only one user transmits at any time 1nstant
during mnitialization. With this method, the direct channel
coellicients can be 1nitialized by
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Y (0) Equation 12

Him, m)(0) = 50 =05

and the cross channel coefficients can be mnitialized by

Y;"(0)
X (I, H(0)

Equation 13
H' (m, )(0) =

Instead of viewing the time instant “0”” as one time sample, 1t
can be viewed as a group of symbols where the taps are
calculated through an averaging method of multiple symbols.

Based on the initial channel tap values, a profiling of update
step sizes could be formed, with larger 1nitial values corre-
sponding to relatively larger step sizes. The absolute values of
the step sizes depend on the convergence speed required and
the particular application. One method 1s to scale the 1nitial
values by a constant and then set restrictions on the maximum
and minimum value allowed. For example, the value of the
step size, W'(m,l), assigned to the tap, H'(m,]), can be com-
puted from 1ts mitialized value as 1n Equation 14 or Equation
15

w(m,D=K-abs| H(m,!)(0)] Equation 14

Wim,D=K-abs{H (m,0)(0)]? Equation 15

where K 1s some constant less than 1. Subsequently, the step
s1ze value can be bounded as in the following equation.

1. K max if p'(m, ) > K _max Equation 16
p(m, l) =

K min if i (m, !) < K _min

In one embodiment, when most channel coefficients have
well converged or during the tracking phase, the step size
values can be further gear-shifted down as

wim,[)=K_ gear shift Equation 17

where K_gear_shift 1s a value smaller than K_muin.

If synchronization between users 1s not possible or all users
have to transmit at the same time, the direct channel coelli-
cients can still be mitialized as the cross channel coellicients
are ol much smaller magnitude. In addition, when 4-QAM
signals are used for traiming, the division required to initialize
the coellicients can be easily implemented as a multiplica-
tion.

For channel coetlicients tracking during data transmission,
a decision directed method 1s used and the error signal 1s
computed different from above i accordance with the fol-
lowing equation.

e (m, i) =X ;(m,i)-S,™" Equation 18

This decision error 1s appropriate to further adapt the adap-
tive filter coelficients and/or direct and cross channel coelii-
cients. Such an error 1s dertved through the FEX'T canceller
516 instead of the FEX'T estimator 514 as in the case for
training. With reference to FIG. 5A, the decision error during
data transmission 1s output by the subtractor 524 which per-
forms the subtraction operation of Equation 18. Such an error
1s used to update the FEX'T estimator 514 as well as the
channel equalizer 504. After each update, the coelficients 1n
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the FEXT estimator 514 are exported to the FEXT canceller
516 for next updates. Such a scheme can be illustrated by FIG.
5A when the selectors 508 and 518 are enabled for data
transmission.

If overlap spectrum between upstream and downstream 1s
employed and NEX'T noise cancellation 1s beneficial, the
structure being used for direct and FEX'T channel estimation
can be at least partially reused for echo and NEX'T channel
estimation and echo and NEXT noise cancellation.

FIG. 5B 1s a block diagram of a multicarrier data transmis-
sion system 350 according to another embodiment of the
invention. The multicarrier data transmission system 350 can,
for example, represent a more detailed embodiment of the
multicarrier data transmission system 400 1llustrated 1n FIG.
4. The multicarrier data transmission system 550 1s generally
similar to the multicarrier data transmission system 300 11lus-
trated 1n FIG. 5A, except that the multicarrier data transmis-
sion system 350 further includes a near-end crosstalk
(NEXT) canceller 552 and a subtractor 534. The NEX'T can-
celler 552 produces a NEXT interference estimate. The sub-
tractor 554 subtracts the NEXT interference estimate pro-
vided by the NEXT canceller 5352 from the frequency-domain
symbols provided by the FFT 502. The NEXT canceller 552
also receives feedback from the output of the subtractor 554
so that the NEXT interference estimate can be adaptively
updated. Hence, 1n this embodiment, the equalized symbols
output by the subtractor 506 have been compensated for
NEXT interference.

FIG. 5C 1s a block diagram of a multicarrier data transmis-
sion system 370 according to another embodiment of the
invention. The multicarrier data transmission system 570 can,
for example, represent a more detailed embodiment of the
multicarrier data transmission system 400 illustrated in FIG.
4. The multicarrier data transmission system 570 1s generally
similar to the multicarrier data transmission system 500 1llus-
trated 1n FIG. 5A, except that the multicarrier data transmis-

sion system 370 further includes a FEXT estimator and
NEXT canceller 572, aselector 574, and a subtractor 576. The

FEXT estimator and NEXT canceller 572 include a FEXT
estimator and a NEX'T canceller such that at least a portion of
the hardware can be shared. The selector 574 1s controlled by
a third control signal (CS3) which can serve as a mode selec-
tion signal. In one embodiment, the third control signal (CS3)
1s the same signal as the first or second control signals (CS1
and CS2). In the first mode, the FEX'T estimator and NEXT
canceller 572 operate as a FEX'T estimator, and the control
signal (CS3) causes the selector 374 to supply the estimates
pertaining to the FEX'T interference from the FEXT estimator
to the subtractor 510, thereaiter the operation resembles that
discussed above with reference to FIG. 5A. Hence, the FEXT
estimator 1s trained in the first mode. In a second mode, the
FEXT estimator and NEXT canceller 572 operates as a
NEXT canceller. Here, the NEX'T canceller 1s trained by
using the control signal (CS3) to cause the selector 574 to
supply a NEXT estimate from the NEX'T canceller to the
subtractor 576. Thereafter, in the third mode (1.e., data trans-
ter mode), the FEXT canceller 516 operates in accordance
with coetlicients determined by the FEXT estimator, and the
NEXT canceller operates 1n accordance with the NEX'T esti-
mate to perform NEXT cancellation at the subtractor 576. In
one embodiment, the NEXT estimate can pertain to an echo
and NEX'T estimate.

FI1G. 5D 1sablock diagram of a FEXT estimator and NEX'T
canceller 580 according to one embodiment of the invention.
The FEX'T estimator and NEX'T canceller 580 1s suitable for
use as the FEXT estimator and NEXT canceller 572 illus-
trated 1n FIG. 5C. The FEX'T estimator and NEX'T canceller
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580 include a matrix multiplier 382. One 1nput to the matrix
multiplier 582 1s supplied by a selector 584. Under the control
of a control signal (CS), the selector 584 supplies either
NEXT and echo coetlicients 586 or FEX'T and direct coetli-
cients 588 to the matrix multiplier 582. The NEX'T and echo
coellicients 586 and the FEX'T and direct coetlicients 588 can
be adaptively updated during traiming or data transmission by
an update device, such as the update device 520 illustrated 1n
FIG. 5A. Another mnput to the matrix multiplier 582 is sup-
plied by a selector 590. Under the control of the control signal
(CS), the selector 590 supplies either near-end transmitted
symbols 592 or far-end transmitted symbols 594 to the matrix
multiplier $82. In this embodiment, the matrix multiplier 582
1s shared and thus used for NEXT estimation, NEX'T cancel-
lation, and FEXT estimation.

FIG. 6 1s a flow diagram of an adaptive channel monitoring,
process 600 according to one embodiment of the invention.
The adaptive channel monitoring process 600 1s, for example,
capable of being performed by the multicarrier data transmis-
sion system 400 1llustrated 1n FIG. 4, the multicarrier data
transmission system 500 illustrated in FIG. 5A, or the multi-
carrier data transmission system 350 illustrated 1n FIG. 3B.

The adaptive channel monitoring process 600 initially sets
602 a traiming mode. Here, the multicarrier data transmission
system performing the adaptive channel monitoring process
600 has at least a training mode and a data (or data transier)
mode. Hence, the multicarrier data transmission system 1s set
602 to the training mode.

After the multicarrier data transmission system has been
set 602 to the training mode, a FEX'T unit and a channel
equalizer are concurrently trained 604. By concurrently train-
ing the FEX'T unit and the channel equalizer, an update pro-
cess associated with such training can be performed 1n an
efficient manner as well as 1n a more accurate manner. Next,
a decision 606 determines whether training has been com-
pleted. When the decision 606 determines that training has
not yet been completed, the adaptive channel monitoring

process 600 returns to repeat the block 604 and subsequent
blocks.

On the other hand, once the decision 606 determines that
training has been completed, the multicarrier data transmis-
sion system 1s set 608 to a data transmission mode. Thereatter,
incoming data symbols are received 610.

Next, an error signal 1s determined 612 for the associated
symbol detection. The error signal pertains to an error amount
that 1s present during symbol detection being performed on
the ncoming data symbols by the multicarrier data transmis-
sion system. In addition, updated FEX'T channel parameters
and updated channel estimate parameters are determined 614
(jointly) based on the error signal. After the updated FEX'T
channel parameters and the updated channel estimate param-
cters are determined 614, the FEX'T unmit 1s updated 616 based
on the updated FEX'T channel parameters. Also, the channel
equalizer 1s updated 618 based on the updated channel esti-
mate parameters. In one embodiment, the update 616 of the
FEXT unit and the update 618 of the channel equalizer can be
performed concurrently or substantially simultaneously.

After the FEX'T unit has been updated 616 and the channel
equalizer has been updated 618, a decision 620 determines
whether the adaptive channel monitoring process 600 should
continue. When the decision 620 determines that the adaptive
channel monitoring process 600 should continue, then the
adaptive channel monitoring process 600 returns to repeat the
block 610 and subsequent blocks so that additional incoming
data symbols can be similarly processed. Alternatively, when
the decision 620 determines that the adaptive channel moni-
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toring process 600 should not continue, then the adapted
channel monitoring process 600 1s complete and ends.

The cancellation of FEX'T can also be implemented as a
precoder 1n transmitter-coordinated systems. With such an
approach, concurrent identification and tracking of direct and
cross channels as discussed above can still be provided.

FIGS. 7A and 7B are block diagrams of a multicarrier data
transmission system according to another embodiment of the
invention. In this embodiment, the cancellation of FEXT
interference 1s implemented as precoder on a transmission
side of the multicarrier data transmission system.

FIG. 7A 1s a block diagram of a transmitter 700 of the
multicarrier data transmission system. The transmitter 700
operates 1n a training mode to transmit a training sequence
702 over a channel to a receiver. The transmitter 700 includes
a selector 704 that selects the training sequence 702 under the
control of a control signal (CS). The output of the selector 704
1s supplied to an Inverse Fast Fourier Transform (IFFT) 706.
In a training mode, the selector 704 supplies the training
sequence 702 to the IFFT 706. The IFFT 706 converts the
frequency-domain symbols of the traiming sequence 702 into
time-domain symbols which are transmitted over the channel
to a receiver. Additionally, 1n a data transfer mode, an 1nfor-
mation sequence 708 1s supplied to a precoder 710. The
information sequence 708 represents coded data to be trans-
mitted. However, prior to transmission, the precoder 710
manipulates the information sequence 708, which pertains to
frequency-domain symbols, so that FEX'T interference 1s can-
celled. In this regard, the precoder 710 includes a FEXT
compensator 714 and a rotation and scaling matrix 712. The
FEXT compensator 714 compensates the normalized FEXT
interference to the frequency-domain symbols to be transmiut-
ted and subsequently the rotation and scaling matrix 712
rotates the pre-compensated signals to account for the unitary
matrix factor of the FEX'T channel matrix. The selector 704,
in the data transier mode, selects the frequency-domain sym-
bols output by the precoder 710. Again, the selector 704 1s
controlled using a control signal (CS). The frequency-domain
symbols from the precoder 710, upon selection by the selector
704, are supplied to the IFFT 706 which outputs the time-
domain symbols to be transmitted over the channel to the
receiver.

FIG. 7B 1s a block diagram of a receiver 750 of the multi-
carrier data transmission system. The recerver 750 includes a
fast Fourier transform (FFT) 752 that receives the incoming
time-domain symbols that have been transmitted by the trans-
mitter 700 over the channel to the receiver 750. The FFT 752
converts the incoming time-domain symbols 1nto frequency-
domain symbols.

An adaptive channel equalizer 754 determines a channel
estimate for the channel based on the incoming time-domain
symbols. A subtractor 756 subtracts the channel estimate
provided by the adaptive channel equalizer 754 from the
frequency-domain symbols provided by the FFT 752. The
output of the subtractor 756 1s equalized symbols. However,
since the precoder 710 manipulated the symbols prior to
transmission, the equalized symbols have, 1n effect, already
undergone FEXT cancellation.

The recerver 750 also includes a selector 758, a subtractor
760 and a matrix descaling unit 762. The selector 758 oper-
ates under the control of a control signal (CS), which can
serve as a mode selection signal. In one embodiment, the
receiver 750 has a training mode and a data transfer mode. In
the training mode, the selector 738 supplies the equalized
symbols to the subtractor 760. In the data transtfer mode, the
selector 758 supplies the equalized symbols to the matrix
descaling unit 762. The output of the matrix descaling unit
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762 are estimated desired signals. The function of the matrix
descaling unit 762 1s to compensate the channel attenuation
so that the equalized symbols are rescaled back to the QAM
constellation grid and hence 1t acts like the frequency domain
equalizer. The subtractor 760 receives a FEXT estimate from
a FEX'T estimator 764 during training. The subtractor 760
subtracts the FEXT estimate from the equalized symbols
provided by the selector 758 to provide a training error signal.

The receiver 750 also includes a selector 766. The selector
766 recerves the training error signal from the subtractor 760.
The selector 766 operates under the control of a control signal
(CS), which can serve as a mode selection signal. In the
training mode, the control signal (CS) causes the selector 766
to output the training error signal to an update unit 768. The
update unit 768 serves to perform an adaptive algorithm, such
as the LMS algornithm, to reduce the training error signal. In
one embodiment, the adaptive channel equalizer 754 1s
implemented by a filter havmg a plurality of taps, each of
which 1s controlled by a coellicient, and the FEXT estimator
764 1s implemented by a filter having a plurality of taps, each
of which 1s controlled by a coelficient. In this regard, the
update device 768 can operate to update coellficients to be
used by the FEX'T estimator 764 as well as coelficients to be
used by the adaptive channel equalizer 754. Here, the update
device 768 operates to jointly update the coelficients to be
used by the FEXT estimator 764 as well as coellicients to be
used by the adaptive channel equalizer 754.

In one embodiment, the coellicients used by the FEXT
estimator 764 include at least one direct channel coetficient
and cross channel coellicients. The recerver 750 further
includes a symbol detector 770 and a subtractor 772. In the
data transter mode, the selector 758 supplies the equalized
symbols to the matrix descaling unit 762, as opposed to the
subtractor 760. The matrix descaling unit 762 scales the
equalized symbols to compensate for channel attenuation.
The matrix descaling unit 762 outputs estimated desired sig-
nals to the symbol detector 770. The symbol detector 770
examines the estimated desired symbol and outputs a
detected symbol, for each of the estimated desired symbols.
The subtractor 772 receives the estimated desired symbol
provided by the matrix descaling unit 762 and the detected
symbol output by the symbol detector 770. Hence, the sub-
tractor 772 subtracts the estimated desired signal from the
matrix descaling unit 762 from the detected symbol output by
the symbol detector 770. The output of the subtractor 772 1s
an error signal that 1s supplied to the selector 766. In the data
transier mode, the control signal (CS) causes the selector 766
to provide the error signal from the subtractor 772 to the
update device 768. As noted previously, the update device 768
serves to perform an adaptive algorithm, such as a LMS
algorithm, to reduce the error signal. In this regard, the update
device 768 can operate to update coellicients to be used by the
FEXT estimator 764 as well as coetlicients to be used by the
adaptive channel equalizer 754. Hence, 1n the data transfer
mode, the update device 768 also operates to jointly update
the coellicients to be used by the FEXT estimator 764 as well
as coellicients to be used by the adaptive channel equalizer
754.

Additionally, the recerver 750 includes a descaling unit
776, a FEXT compensation unit 778, and a rotation and
scahng umt 780. The descaling unit 776 interacts with the
FEXT estimator 764 so as to update coellicients utilized by
the matrix descaling unit 762, in either the training mode or
the data transfer mode. The FEXT compensation unit 778
interacts with the transmitter 700 to supply updated coetli-
cients to the FEX'T compensator 714. The rotation and scaling
units 780 interacts with the transmitter 700 to provide rotation
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and scaling updates for the rotation and scaling matrix 712. In
one embodiment, the interaction of the FEXT compensation
unit 778 and the rotation and scaling unit 780 with the trans-
mitter 700 can be performed using a parameter exchange
protocol.

The mvention can be implemented 1n software, hardware
or a combination of hardware and software. The hardware can
be custom circuitry, customized circuitry (ASIC) and/or gen-
eral circuitry (e.g., digital signal processor). The ivention
can also be embodied as computer readable code on a com-
puter readable medium. The computer readable medium 1s
any data storage device that can store data which can there-
alter be read by a computer system. Examples of the com-
puter readable medium i1nclude read-only memory, random-
access memory, CD-ROMs, DVDs, magnetic tape, optical
data storage devices, and carrier waves. The computer read-
able medium can also be distributed over network-coupled
computer systems so that the computer readable code 1is
stored and executed 1n a distributed fashion.

The advantages of the mvention are numerous. Different
embodiments or implementations may, but need not, yield
one or more of the following advantages. One advantage of
the invention 1s that separate electronic filters used to provide
channel equalization and FEX'T channel estimation and/or
cancellation can be jointly updated in an adaptive manner.
The joint adaptive update typically leads to improved accu-
racy and also faster convergence of coetlicients for taps of the
clectronic filters. Another advantage of the mvention 1s that
resources for FEXT estimation and NEX'T cancellation can
be shared, which reduces implementation complexity.

The many features and advantages of the present invention
are apparent from the written description and, thus, 1t 1s
intended by the appended claims to cover all such features
and advantages of the invention. Further, since numerous
modifications and changes will readily occur to those skilled
in the art, the invention should not be limited to the exact
construction and operation as illustrated and described.
Hence, all suitable modifications and equivalents may be
resorted to as falling within the scope of the mvention.

What 1s claimed 1s:

1. A multicarrier data transmission system, comprising;:

a FF'T unit that receives incoming time-domain symbols
and outputs corresponding frequency-domain symbols;

an adaptive channel equalizer that produces a noise esti-
mate based on data associated with the incoming time-
domain symbols, the noise estimate pertaining to at least
inter-carrier interference and inter-symbol interference;

a subtractor that subtracts the noise estimate from the fre-
quency-domain symbols to produce channel adjusted
symbols;

a far-end crosstalk (FEXT) unit that adaptively determines
FEXT channel coetficients and reduces FEX'T from the
channel adjusted symbols 1n accordance with the FEXT
channel coelficients so as to produce desired symbols;
and

a symbol detector that examines the desired symbols to
determine detected symbols.

2. A multicarrier data transmission system as recited in
claiam 1, wherein said FEXT unit compensates for far-end
crosstalk and at least one of frequency equalization and chan-
nel attenuation.

3. A multicarnier data transmission system as recited in
claim 1, wherein said multicarrier data transmaission system
turther comprises:

an adaptive update unit that performs an update algorithm
that causes modification to both the FEX'T channel coet-
ficients and the noise estimate.
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4. A multicarrier data transmission system as recited in
claim 3, wherein the noise estimate 1s based on channel coet-

ficients, and

wherein said adaptive update unit causes the FEX'T chan-
nel coellicients and the channel coelficients to be jointly
optimized.
5. A multicarrier data transmission system as recited in
claim 4, said multicarner data transmission system further
COmMprises:

a subtractor that produces an error signal due to unwanted
interference, and

wherein said adaptive update unit causes the FEXT chan-
nel coellicients and the channel coetficients to be jointly
updated based on the error signal.

6. A multicarrier data transmission system as recited in
claim 5, wherein said FEX'T unit includes a FEXT estimator

and a FEXT canceller.

7. A multicarrier data transmission system as recited in
claim 6, wherein said FEXT estimator and said FEXT can-

celler share a substantial portion of circuitry.

8. A multicarrier data transmission system as recited in
claim 4, wherein said multicarrier data transmission system 1s
operable 1n a training mode and a data mode, and

wherein said adaptive channel equalizer and said FEXT
unit are both operable 1n the training mode or the data
mode so that said adaptive update unit causes the FEX'T
channel coeflicients and the channel coeflicients to be
jointly updated 1n either the training mode or the data
mode.

9. A multicarrier data transmission system as recited in
claim 3, wherein said multicarrier data transmission system 1s
operable 1n a training mode and a data mode, and

wherein said multicarrier data transmission system further
COMpPrises:
a first FEX'T subtractor operable 1in the training mode to

produce a first error signal due to unwanted interfer-
ence;

a second FEXT subtractor operable 1n the data mode to
produce a second error signal based on differences
between the desired symbols and the detected sym-

bols; and

wherein the adaptive update unit performs the update
algorithm that causes modification to both the FEXT
channel coellicients and the channel estimate based
on one of the first error signal and the second error
signal.

10. A multicarrier data transmission system as recited in
claim 9, wherein said multicarrier data transmission system
further comprises:

a selector operatively connected to said first FEX'T subtrac-
tor and said second FEX'T subtractor, said selector con-
trollably supplying one of the first error signal and the
second error signal to said adaptive update unit.

11. A multicarnier data transmission system as recited in
claim 9, wherein said multicarrier data transmission system
further comprises:

a first selector operatively connected to said first FEXT
subtractor and said FEXT unit, said first selector con-

trollably supplying the channel adjusted symbols to said
first FEXT subtractor or said FEXT unit; and

a second selector operatively connected to said first FEXT
subtractor and said second FEX'T subtractor, said second
selector controllably supplying one of the first error
signal and the second error signal to said adaptive update
unit.
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12. A multicarrier data transmission system as recited 1n
claim 9, wherein said FEXT unit compensates for far-end
crosstalk and at least one of frequency equalization and chan-
nel attenuation.

13. A multicarrier data transmission system as recited 1n
claim 1, wherein said multicarrier data transmaission system
turther comprises a NEXT canceller, said NEXT canceller
using at least a portion of said FEX'T unit, thereby sharing
resources.

14. A multicarrier data transmission system as recited 1n
claim 1, wherein said multicarrier data transmaission system
operates 1n a multiple-inputs multiple-outputs environment.

15. A multicarrier data transmission system as recited 1n
claim 1, wherein said data associated with the incoming time-
domain symbols are the time-domain symbols or the fre-
quency-domain symbols.

16. A multicarrier data transmission system as recited 1n
claiam 1, wherein the FEXT channel coetficients include
direct and cross channel coeflicients.

17. A multicarrier data transmission system as recited 1n
claim 1, wherein said multicarrier data transmaission system
turther comprises a NEX'T canceller that provides a NEXT
interference estimate from the frequency-domain symbols
provided by the FFT unat.

18. A multicarrier data transmission system as recited 1n
claim S5, wherein the error signal 1s produced 1n accordance
with:

L
e (m, i) =Y — Z Him, - X(l, ) — ACF™
=1

whereY 1s the received signal; ACF 1s the adaptive channel
equalizer output; and H*X 1s the output of the FEXT
unit; wherein m and 1 are user indexes and 11s a selected
frequency.
19. A multicarrier data transmission system as recited 1n
claim S5, wherein the error signal 1s produced 1n accordance
with:

e (m,1)=X(m,i)-S;"

where X 1s the output of the FEX'T unit and S 1s the output
of the symbol detector; wherein m 1s a user index and 11s
a selected frequency.

20. A multicarrier data transmission system, comprising:

a FF'T unit that receives incoming time-domain symbols
and outputs corresponding frequency-domain symbols;

an adaptive channel equalizer that produces a noise esti-
mate based on data associated with the incoming time-
domain symbols, the noise estimate pertaining to at least
inter-carrier interference and inter-symbol interference;

a subtractor that subtracts the noise estimate from the fre-
quency-domain symbols to produce channel adjusted
symbols;

a far-end crosstalk (FEX'T) estimator that adaptively deter-
mines FEX'T channel coefficients:

a descaling unit that scales the channel adjusted symbols to
produce desired symbols; and

a symbol detector that examines the desired symbols to
determine detected symbols,

wherein the FEX'T channel coetlicients are used to produce
scaling data, and wherein said descaling unit operates to
scale the channel adjusted symbols 1n accordance with
the scaling data.

21. A multicarrier data transmission system as recited in

claim 20, wherein the FEX'T channel coefficients are used to
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compensate for far-end crosstalk and at least one of frequency
equalization and channel attenuation.

22. A multicarrier data transmission system as recited in
claim 20, wherein said multicarrier data transmission system
further comprises:

an adaptive update unit that performs an update algorithm
that causes modification to both the FEXT channel coet-

ficients and the noise estimate.

23. A multicarrier data transmission system as recited in
claim 22, wherein the noise estimate 1s based on channel
coefficients, and
wherein said adaptive update unit causes the FEX'T chan-

nel coellicients and the channel coelficients to be jointly

updated.
24. A multicarnier data transmission system as recited in

claim 23, wherein said multicarrier data transmission system
turther mcludes a FEXT compensation unit that communi-

cates with a precoder at a transmitter to provide FEXT com-
pensation to symbols prior to transmission.

25. A multicarrier data transmission system as recited in
claim 24, wherein said multicarrier data transmission system
turther includes a rotation and scaling unit that communicates
with the precoder at the transmitter to provide at least one of
rotation and scaling to symbols prior to transmission.

26. A multicarnier data transmission system as recited in
claiam 20, wherein said data associated with the mmcoming
time-domain symbols are the time-domain symbols or the
frequency-domain symbols.

277. A method for operating a multicarrier data transmission
system, the method comprising:

recerving incoming time-domain symbols;

converting the incoming time-domain symbols into fre-

quency-domain symbols;

producing a noise estimate based on data associated with

the incoming time-domain symbols, the noise estimate
pertaining to at least inter-carrier interference and inter-
symbol interference;
subtracting the noise estimate from the frequency-domain
symbols to produce channel adjusted symbols;

determining far-end crosstalk (FEXT) channel coellicients
and reducing FEX'T from the channel adjusted symbols
in accordance with the FEX'T channel coelficients so as
to produce desired symbols; and

examining the desired symbols to determine detected sym-

bols.

28. A method for operating a multicarrier data transmission
system as recited 1n claim 27, wherein said determining com-
pensates for far-end crosstalk and at least one of frequency
equalization and channel attenuation.

29. A method for operating a multicarrier data transmission
system as recited 1n claim 27, further comprising;:

performing an update algorithm that causes modification to

both the FEX'T channel coefficients and the noise esti-
mate.

30. A method for operating a multicarrier data transmission
system as recited in claim 29, further comprising:

optimizing the FEXT channel coelficients and the noise

estimate.

31. A method for operating a multicarrier data transmission
system recited 1n claim 30, further comprising:

producing an error signal due to unwanted interference;

and

updating the FEXT channel coellicient and the noise esti-

mate based on the error signal.

32. A method for operating a multicarrier data transmission
system as recited in claim 30, further comprising:

[,
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operating said multicarrier data transmission system 1in a

training mode and a data mode; and

updating the FEXT channel coelfficient and the noise esti-

mate 1n either the training mode or the data mode.

33. A method for operating a multicarrier data transmission
system as recited in claim 32, wherein said operating operates
in a multiple-inputs multiple-outputs environment.

34. A method for operating a multicarrier data transmission
system as recited in claim 29, wherein said multicarrier data
transmission system 1s operable in a training mode and a data
mode, and wherein the method further comprises:

producing a first error signal due to unwanted interference;

producing a second error signal based on differences
between the desired symbols and the detected symbols;
and

performing an update algorithm that causes modification to

both the FEXT channel coelficients and the noise esti-
mate based on one of the first error signal and the second
error signal.
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35. A method for operating a multicarrier data transmission
system as recited in claim 34, further comprising:

selectively supplying one of the first error signal and the
second error signal to an adaptive update unit.

36. A method for operating a multicarrier data transmission
system as recited i claim 27, wherein said data associated
with the incoming time-domain symbols are the time-domain
symbols or the frequency-domain symbols.

37. A method for operating a multicarrier data transmission
system as recited in claim 27, wherein the FEXT channel
coellicients include direct and cross channel coellicients.

38. A method for operating a multicarrier data transmission
system as recited 1n claim 27, further comprising;:

providing a NEX'T interference estimate from the fre-
quency-domain symbols.
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